Genetic factors are known to modulate cardiac susceptibility to ventricular hypertrophy and failure. To determine how strain influences the transcriptional response to pressure overload-induced heart failure (HF) and which of these changes accurately reflect the human disease, we analyzed the myocardial transcriptional profile of mouse strains with high (C57BL/6J) and low (129S1/SvImJ) susceptibility for HF development, which we compared to that of human failing hearts. Following transverse aortic constriction (TAC), C57BL/6J mice developed overt HF while 129S1/SvImJ did not. Despite a milder aortic constriction, impairment of ejection fraction and ventricular remodeling (dilation, fibrosis) was more pronounced in C57BL/6J mice. Similarly, changes in myocardial gene expression were more robust in C57BL/6J (461 genes) compared to 129S1/SvImJ mice (71 genes). When comparing these patterns to human dilated cardiomyopathy (1344 genes), C57BL/6J mice tightly grouped to human hearts. Overlay and bioinformatic analysis of the transcriptional profiles of C57BL/6J mice and human failing hearts identified six co-regulated genes (POSTN, CTGF, FN1, LOX, NOX4, TGFB2) with established link to HF development. Pathway enrichment analysis identified angiotensin and IGF-1 signaling as most enriched putative upstream regulator and pathway, respectively, shared between TAC-induced HF in C57BL/6J mice and in human failing hearts. TAC-induced heart failure in C57BL/6J mice more closely reflects the gene expression pattern of human dilated cardiomyopathy compared to 129S1/SvImJ mice. Unbiased as well as targeted gene expression and pathway analyses identified periostin, angiotensin signaling, and IGF-1 signaling as potential causes of increased HF susceptibility in C57BL/6J mice and as potentially useful drug targets for HF treatment.
Introduction
Left ventricular (LV) hypertrophy, or increased LV myocardial mass, is associated with many cardiovascular disorders and is recognized as an independent risk factor for 8 Page 2 of 17 cardiac-related morbidity and mortality [18, 36] . Studies on the Framingham population show that, despite adjusting for other heart failure (HF) risk factors, hypertension is the foremost precursor to HF, increasing an individual's risk by 2-3-fold [24, 36] . Interestingly, the cardiac hypertrophic response to chronic hypertension may vary significantly, including concentric hypertrophy, eccentric hypertrophy, and even unchanged LV geometry [16] . LV geometry and LV mass vary considerably among patients with comparable extent of hypertension, suggesting a significant contribution of genetic factors contributing to the development of specific LV geometry. Estimates attribute as much as 60% of the blood pressure independent variation in cardiac mass to genetic factors [63] . Furthermore, race and ethnic background have been shown to correlate to the relative risk for concentric LV hypertrophy and increased LV mass, also suggesting the presence of genetic modifiers conferring differential susceptibility to pressure overload-induced LV remodeling [7, 28, 41] .
A frequently used model to induce chronic LV pressure overload, progressive LV hypertrophy remodeling, and subsequent HF in mice is the murine transverse aortic constriction (TAC) model developed by Rockman et al. [52] . This model has been extensively used to elucidate fundamental signaling processes involved in cardiac hypertrophy and HF development [9, 12, 37, 48, 67] . In addition, the TAC model has been routinely used on numerous genetically engineered mice to investigate the role of specific genes during the development of LV hypertrophy and cardiac failure in vivo [2, 9, 33, 37, 39, 51] . Interestingly, Barrick and colleagues reported differential susceptibility for pressure overloadinduced hypertrophy in inbred C57BL/6J and 129S1/SvImJ mice which can vary even within substrains, i.e. C57BL/6J [4, 17] . In the former, C57BL/6J mice demonstrated early transition of hypertrophy to heart failure following TAC, whereas 129S1/SvImJ mice showed a delayed transition to heart failure. Thus, the differential susceptibility for development of LV hypertrophy and subsequent heart failure in response to pressure overload observed in humans is mirrored by observations in inbred mice on different genetic backgrounds, supporting the concept that alterations in gene expression may significantly contribute to differential susceptibility for LV hypertrophy and HF in humans. Indeed, differential susceptibility for various diseases has been attributed to a number of mechanisms affecting gene expression, including genetic heterogeneity, epigenetic regulation, environmental stimuli, incomplete penetrance of alleles, or effects of modifier genes [45] .
The molecular mechanisms determining both heart failure susceptibility and the transition from adaptive hypertrophy to decompensated heart failure in humans are incompletely understood. Based on the differential susceptibility for cardiac hypertrophy and failure in different inbred mouse strains, we hypothesized that the differential gene expression patterns in response to pressure overload determines the susceptibility to develop cardiac dysfunction and heart failure. To test this hypothesis, we subjected C57BL/6J and 129S1/SvImJ mice to TAC, which show clear differences in the susceptibility to developing heart failure in response to chronic pressure overload. We also exploited that inbred mouse strains show a very narrow range of phenotypes compared to humans with a naturally high degree of genetic heterogeneity. We aimed to generate hypotheses on which genes and/or pathways may regulate the differential susceptibility to develop heart failure in response to pressure overload using gene expression analysis and subsequent bioinformatic analysis. In addition, the murine transcriptional patterns were compared to those of human failing hearts in order to generate hypotheses regarding genes and/or pathways that may fundamentally contribute to conserved mechanisms governing heart failure development.
Methods

Animals
Male C57BL/6J and 129S1/SvImJ mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed in individually-ventilated cages with 12 h daylight/dark cycles at 22 °C. Animals were fed a laboratory standard chow and had free access to water. The study conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and was performed after securing approval by the Regierungspräsidium Freiburg (G-16-137).
Human samples
Samples from the left ventricle were obtained either from patients with end stage dilated cardiomyopathy (DCM) that underwent transplantation (Table S1 ), or from healthy donor hearts that could not be transplanted for technical reasons (n = 5). Samples were snap frozen in liquid nitrogen and stored at − 80 °C. All procedures were conducted in compliance with the local ethics committee (University of Göt-tingen, Germany), and written and informed consent was received from all subjects before inclusion.
Transverse aortic constriction (TAC)
Minimally-invasive transverse aortic constriction was performed as published previously [51] . In brief, 8-week-old male C57BL/6J or 129S1/SvImJ mice were anesthetized with a single intraperitoneal injection of ketamine (100 mg/ kg) and xylazine (6 mg/kg). Following a suprasternal skin incision, a partial thoracotomy was performed by a 2 mm longitudinal incision of the sternum and a microsurgical clip was applied on the transverse aorta between the left carotid artery and the brachiocephalic trunk using a micro clip applicator. The thorax was closed using suture, and mice recovered on a warming pad until they were fully awake. To identify the minimum clip diameter to achieve successful induction of heart failure by TAC, mice received clips of different size: C57BL/6J mice received clips with a diameter of 27G, 30G, or 32G. 129S1/SvImJ mice received clips with a diameter of 30G, 32G or 34G. Sham procedures were performed in identical fashion except for clip application. After 10 or 12 weeks, C57BL/6J or 129S1/SvImJ mice were anesthetized using 0.3 mg/g body weight thiopental i.p. and hearts were excised, weighed, and snap frozen for further experiments.
Transthoracic echocardiography
Transthoracic echocardiography was performed as described previously [30] . Mice were anesthetized using isoflurane inhalation (3% for induction and 2% for maintenance of anesthesia). Echocardiography was performed before TAC and every 2 weeks after TAC until sacrifice using a Vivid 7 Dimension (GE Healthcare, Munich, Germany) echocardiograph equipped with an i13L transducer (14 MHz). M-Mode images and 2D parasternal short axis images were taken, and ejection fraction and LV geometry were quantified as described by others [25] . Peak trans-stenotic pressure gradients were measured at the site of constriction using pulsedwave Doppler 3 days post surgery.
Histology
Histological analysis was performed in 10 µm cross sections with a distance of 200 µm. The following antibodies were used to estimate angiogenesis, cell proliferation and macrophage infiltration: anti-CD31, anti-Mac 3 (BD Pharmingen, Franklin Lakes, USA), anti-Ki-67 (Abcam, Cambridge, UK), rabbit anti-rat and goat anti-rabbit secondary antibodies (VectorLabs, Burlingame, CA). TdT-mediated dUTP Nick-End Labeling (TUNEL) was performed using a kit system according to the manufacturer's protocol (Promega, Madison, USA). Mean amount of positive signals per three sections were calculated as fold change relative to Sham operated animals. Collagen deposition and cardiomyocyte size were determined using Masson's trichrome staining (Sigma, Weelze, Germany) and wheat germ agglutinin (WGA) staining (Life Technologies, Darmstadt, Germany), respectively [30] . The area of fibrosis was determined in four randomly chosen sections with four randomly chosen areas per section, while blindly moving the microscope at 20× magnification. A grid was placed over the image, followed by counting the boxes that contained blue dye using ImageJ software. Cardiomyocyte size was determined in three randomly chosen sections per sample and the mean size of 30 cardiomyocytes was calculated using AxioVision Rel 4.6 (Carl Zeiss AG, Feldbach, Switzerland) at 40× magnification.
RNA extraction and microarray analysis
Microarray analysis was carried out in hearts of C57BL/6J and 129S1/SvImJ mice 10 or 12 weeks following Sham or TAC surgery, respectively, and compared to samples obtained from failing or non-failing human left ventricles. Total RNA was isolated from hearts with TRIzol reagent (Invitrogen Corporation, Carlsbad, CA) and purified with the RNeasy Kit (Qiagen, Hilden, Germany), as described before [29] . RNA integrity was analyzed by capillary electrophoresis using a Fragment Analyzer (Advanced Analytical Technologies, Inc., Ames, IA). RNA samples had RNA quality numbers (RQN) between 7.8 and 9.1 and were further processed with the Affymetrix Clariom D assays as described by the manufacturers. Partek Genomics Suite software was used for analysis (Partek Inc., St. Louis, MO). CEL files were imported including control and interrogating probes, pre-background adjustment was set to adjust for GC content and probe sequence, and Robust Multi-array Average (RMA) background correction was performed. Arrays were normalized using quantile normalization and probe set summarization was done using Median Polish. Probe values were log2 transformed. Differentially expressed genes between groups were identified using a one-way ANOVA in Partek Genomics Suite software. Contrasts between groups were performed using Fisher's Least Significant Difference as contrast method.
Statistical analysis and visualization of microarray data
To understand the global effects of heart failure on gene transcription, differential expression analysis of the microarray data was performed using several levels of stringency. The first low-stringency threshold of P < 0.01 to visualize the global changes that accompany each model is independent of expression magnitude. The second threshold of P < 0.05 with |fold-change| > 1.5 was then used to identify the specific genes that (1) are differentially expressed in each model and therefore, (2) determine the potential usefulness of each mouse strain to model the human disease. Using this 50% change in gene expression as our threshold permitted an experimental variance of 0.72 to detect a true difference with a sample size n = 5, power 0.80, and Type 1 error probability α = 0.10. The highest statistical stringency was reserved for gene set enrichment analysis and pathway enrichment, for which we incorporated the use of Benjamini-Hochberg (B-H) correction to adjust for multiple comparisons. Doing so provided us with the needed confidence to cluster genes into known pathways and identify putative upstream regulators for each comparison. Due to the low number of genes reaching statistical significance for the 129S1/SvImJ TAC vs. Sham comparison, the results of this analysis are reserved as supplemental data.
To appreciate and visualize the global transcriptional changes that occur in the heart failure model for both mouse strains, microarray of mouse TAC vs. Sham were sorted according to a reduced-stringency criterion (P < 0.05). To infer relevance of each mouse strain to the human cardiac phenotype, only known and annotated genes with homology to the human genome were used in this comparison. Homologous genes in the human heart failure comparison were then filtered by the list of differentially-expressed mouse genes, and merged onto the mouse dataset. All beta values were then normalized to the respective mouse and human non-failing controls to allow for both cross-species and cross-platform comparison. Heatmap visualization of the Sham-normalized beta values was performed using R (version 3.4.2) package pheatmap (version 1.0.8) using differentially expressed genes achieving P < 0.05 by Fisher's exact test in the microarray. To the heatmap we applied hierarchical clustering, which enables samples to be grouped using an iterative process that calculates the level of dissimilarity among all objects (i.e. samples). Specifically, we used the Ward's minimum variance algorithm (D2), with dendrogram length defined by Euclidean distance.
Gene set enrichment and pathway analysis
Unfiltered differential expression data of all three comparisons were merged into a single data matrix by annotated gene name, and the compiled dataset was then imported into the Ingenuity Pathway Analysis software (IPA ® , QIAGEN Redwood City, http://www.qiagen.com/ingenuity). Due to the IPA software's necessity for a gene identifier (such as gene name or RefSeq Gene ID) to perform pathway enrichment analysis, transcripts lacking a known gene were necessarily removed from the dataset. Annotating the dataset reduced the table size from 72,689 to 39,601 transcripts. The transcripts were then annotated within IPA by (1) known genes via RefSeq Gene ID, and (2) genes possessing a known homologous gene in humans. This processing further reduced the numbers to our analysis-ready dataset totaling 10,015 genes for all comparisons. Within IPA, a significance threshold of P < 0.05 and |fold-change| > 1.5 was established for each of the three comparisons (Table S2) . These genes were then used to generate the following enrichment analyses: Canonical Pathways, Upstream Analysis, Diseases and Functions, Regulator Effect, Gene Networks, and Tox Lists (Tables S3-S5 for each data set). For canonical pathway analysis, pathway enrichment was reported as percent of total genes that annotate to a given pathway, along with the Bonferroni-Hochberg (B-H)-adjusted P value.
Statistical analysis
Data are presented as mean ± SE. When comparing two groups, significance was determined using a Student's t test using GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA). When comparing more than two groups, a two-way analysis of variance (ANOVA) was performed followed by a Bonferroni post hoc analysis. Significant difference was accepted when P < 0.05. Statistical analysis of microarrays was performed as described in "Statistical analysis and visualization of microarray data".
Results
Cardiac function and remodeling in C57BL/6J and 129S1/SvImJ mice following TAC
Male, 8-week-old C57BL/6J and 129S1/SvImJ mice were subjected to minimally-invasive TAC surgery or a Sham procedure, and mice undergoing TAC received clips with different clip sizes. None of the mice died before the planned date of sacrifice. C57BL/6J mice received clip application with clip sizes of 27G, 30G, or 32G, and were observed for 10 weeks by echocardiography every 2 weeks. While C57BL/6J mice undergoing TAC with a clip diameter of 27G or 30G did not show a significant impairment of cardiac function, C57BL/6J mice that received a 32G clip showed a progressive decline in ejection fraction, starting as early as 4 weeks following TAC (Fig. 1a, Fig. S1 , Table S14 ). The decrease in cardiac function was accompanied by a progressive increase in LV end-systolic volume (Fig. 1b) , indicating cardiac dilation, and mean values of lung weight-to-body weight ratios at sacrifice were increased (P = 0.09), pointing towards the development of pulmonary edema (Fig. 1e , Fig. S2 , Table S6 ). In contrast, 129S1/SvImJ required a 34G clip to induce an impairment in ejection fraction, which did not occur until 8 weeks following TAC (Fig. 1c, Fig.  S3 , Table S15 ). Furthermore, end-systolic volume did not increase in these mice over time (Fig. 1d, Fig. S4 ). In contrast to C57BL/6J mice, heart weight/body weight ratios (+ 14%) were not significantly increased, and lung weight/ body weight ratios were completely unchanged in 129S1/ SvImJ mice following TAC (Fig. 1f , Table S7 ). Of note, although mean values for maximal pressure gradients were lower in 129S1/SvImJ mice following 34G clip application compared to C57BL/6J mice following 32G clip application (Fig. S5) , the relative increase of pressure gradients following TAC was similar in both strains compared to their respective Sham operated littermates (Fig. 1g) . On the molecular level, C57BL/6J mice showed a switch of MHC isoforms towards increased β-MHC expression, which did not occur in 129S1/SvImJ mice (Fig. 2a, b) . Expression of ANP was increased in both strains following TAC, but exaggerated in C57BL/6J mice (Fig. 2a, b) . As observed for heart weight/body weight ratios, cardiomyocyte size was increased to a greater extent in C57BL/6J mice compared to 129S1/SvImJ mice following TAC (Fig. 2c) . Myocardial collagen content was increased to the same extent in both strains (Fig. 2d) . Staining for CD31, Ki-67, MAC3, and TUNEL staining showed no differences between Sham and TAC operated C57BL/6J and 129S1/SvImJ mice ( Fig. 2e-h ), suggesting no differences in capillary density, cell proliferation, macrophage infiltration and apoptosis between mouse strains following TAC. Thus, minimally-invasive TAC using micro clip application was sufficient to induce cardiac dysfunction in both genetic strains, but only C57BL/6J mice developed overt heart failure with less aortic constriction and earlier onset of contractile defects, compatible with increased susceptibility of C57BL/6J mice for heart failure development.
Differential gene expression in C57BL/6J and 129S1/ SvImJ mice following TAC
To understand which mechanisms may contribute to the differential susceptibility to pressure overload-induced heart failure in these two strains, we performed a gene expression analysis in hearts of C57BL/6J mice that received a 32G clip and developed overt heart failure, and in hearts of 129S1/SvImJ mice that received a 34G clip and developed cardiac dysfunction, respectively. Affymetrix microarray analysis was performed to quantify differential gene expression, in which 39,601 coding regions were quantified. Of these, 277 genes reached significance in 129S1/SvImJ mice (TAC vs. Sham), with 71 genes reaching the defined threshold (P < 0.05 and |fold-change| > 1.5; for detailed gene list see Table S2 ). In C57BL/6J mice (TAC vs. Sham), however, a more robust transcriptional profile emerged, yielding 2490 significantly regulated genes and 461 genes reaching the defined threshold (P < 0.05 and |fold-change| > 1.5; for detailed gene list see Table S2 ). When comparing data among strains, 51 genes were regulated in both strains, all of which were upregulated ( Fig. 3a; for detailed gene list see b GO term enrichment analysis depicting the top 5 toxicity networks ranked according to − Log(P value) for C57BL/6J strain. Differentially-expressed genes responsible for populating each toxicity network were hierarchically clustered to examine overlapping gene annotations, with heatmap illustrating the fold-change of all genes reaching significance for C57BL/6J mice.
Asterisk genes reaching significance (Fisher's exact test P < 0.05, |Fold-change| > 1.5) for 129S1/SvImJ TAC vs. 129S1/SvImJ Sham. c Toxicity network "cardiac hypertrophy" bar graph depicting the RNA expression fold-changes of the differentially expressed genes by 129S1/SvImJ (red) and C57BL/6J (black). Differential gene expression was considered significant when Fold-Change > 1.5 and P < 0.05 (Fisher's exact test). For detailed gene information and pathway analysis please refer to Tables S8 and S9 Table S8 ). No genes were downregulated or contra-regulated between strains. When looking at uniquely regulated genes, 417 genes were upregulated and 25 genes were downregulated in C57BL/6J mice, whereas 25 genes were upregulated and no genes were downregulated in 129S1/SvImJ mice ( Fig. 3a; for detailed gene list see Table S8 ).
Gene ontology term enrichment analysis
Because uniquely regulated genes may contribute to the observed differential susceptibility for heart failure development between the two mouse strains, we performed a Gene Ontology (GO) term enrichment analysis for each strain.
Per gene enrichment analysis, C57BL/6J mice exhibited a robust differential gene expression signature consistent with adverse cardiac remodeling and ventricular dysfunction. When examining the Toxicity Network, the enrichment analysis revealed "cardiac hypertrophy" as the pathway that showed the most robust association (31 genes) with the differential gene expression pattern of C57BL/6J mice, while only six genes matched this pathway in 129S1/SvImJ mice ( Fig. 3b and Table S9 ). Of these genes, periostin (Postn) was the most highly regulated gene in both strains, exhibiting a 16.7-fold upregulation in C57BL/6J mice, whereas expression was increased by 3.7-fold in 129S1/SvImJ mice (Fig. 3c) . In addition, a number of genes associated with ventricular remodeling and oxidative stress were identified as uniquely regulated in C57BL/6J mice, including NADPH oxidase 4 (Nox4), connective tissue growth factor (Ctgf), fibronectin 1 (Fn1), and matrix metalloproteinase 2 (Mmp2) (Fig. 3c) . To identify the differentially expressed genes that may contribute to differential susceptibility for heart failure, and to also include differentially regulated genes that may enrich in other pathways of cardiac remodeling and failure, we searched PubMed for evidence that the 51 genes co-regulated in both mouse strains have known association with heart failure development. Only published studies providing a mechanistic design have been included in the analysis. Based on these criteria, 4 of the 51 genes commonly regulated in both strains are known to contribute to the development of heart failure: Postn, follistatin-like 1 (Fstl1), signal transducer and activator of transcription 3 (Stat3), and transglutaminase 2 (Tgm2) ( Table 1) . Of note, 2 of these genes (Postn and Stat3) showed clearly higher expression levels in C57BL/6J mice compared to 129S1/ SvImJ mice, but only increased expression of Postn can be predicted to exert maladaptive effects in heart failure ( Table 1 and Table S10 for references). In contrast to commonly regulated genes between strains, 22 of the uniquely regulated genes in C57BL/6J mice could be linked to the development of heart failure ( Table 2) . Based on the current published literature, it is predicted that 14 of these 22 genes may serve a maladaptive function in the development of heart failure, whereas 8 of the 22 genes may serve an adaptive function ( Table 2 and Table S10 for references). 4 of the 14 genes [Ctgf, Nox4, Fn1, G protein-coupled receptor kinase 5 (Grk5)] predicted to exert maladaptive effects were also identified for C57BL/6J mice to be associated with cardiac hypertrophy (Fig. 3c) . In contrast to C57BL/6J mice, only 1 gene, prolyl 4-hydroxylase subunit alpha 1 (P4ha1), was uniquely regulated in 129S1/SvImJ mice, and our PubMed search would predict maladaptive effects ( Table 2) . The uniquely increased expression of nuclear receptor subfamily 4 group A member 1 (Nr4a1) and of general transcription factor 2B (Gtf2b) in 129S1/SvImJ can be linked to cardiac hypertrophy development, but sufficient evidence for a clear attribution whether these changes may be maladaptive or protective is lacking. Thus, the two interrogated mouse strains show distinct differences in the gene expression profile, with C57BL/6J mice exhibiting a more robust association with a gene expression signature observed in and predictive for heart failure.
Differential gene expression patterns analysis between human and murine heart failure
To determine whether the differentially expressed genes in the murine models corresponded to those found in the human failing heart, microarray analysis of human failing and non-failing hearts was completed. Left ventricular samples of five patients with systolic heart failure due to dilated cardiomyopathy were analyzed for differential gene expression using the same microarray analysis as performed in mice, using five samples of non-failing (NF) hearts as controls. Patients with heart failure had a mean ejection fraction of 19%, had medical treatment according to current heart failure guidelines, and medical records did not contain any evidence of coronary artery disease, hypertension, or diabetes mellitus. Hierarchical clustering and heat map analysis were then completed to identify global transcriptional patterns consistency between each mouse model and the human heart samples by phenotype (i.e. HF or NF). The resulting heatmaps demonstrate that the transcriptional changes in C57BL/6J mice tightly group with human hearts according to cardiovascular phenotype (i.e. HF and TAC; Fig. 4 , left; and Table S11 ). In contrast, the transcriptional changes noted in the 129S1/SvImJ mouse model failed to generate a distinction between failing and non-failing hearts ( Fig. 4, right; and Table S11 ).
Identification of differentially expressed genes related to heart failure development
To specifically identify how many and which genes were driving the similarities and differences, all comparisons (human HF vs. NF, C57BL/6J TAC vs. Sham, and 129S1/ SvImJ TAC vs. Sham) were overlain to identify lists of genes that are common and distinct using P < 0.05 and |fold-change| > 1.5 ( Fig. 5a and Table S12 ), as shown in the Venn diagram, which was generated by VennPlex [5] . Of the commonly regulated genes, 12 were upregulated in all comparisons, including POSTN and FSTL1, which we already identified in the comparison of the mouse strains ( Fig. 5b and Table S12 ). Of the remaining ten genes, several are known to affect cardiac physiology: cysteine-rich angiogenic inducer 61 (CYR61), which may be essential for cardiac development [43] ; four-and-a-half LIM domains 1 (FHL1), lack of which may blunt the hypertrophic response following TAC and mutations of which have been implicated in the development of human hypertrophic cardiomyopathy [15, 57] ; lumican, which exerts pro-fibrotic effects and may increase the mRNA content of collagen type I alpha 2, lysyl oxidase and transforming growth factor-β1 mRNA [13] ; transferrin receptor (TFRC), cardiomyocyte-specific deletion of which results in early postnatal lethality [71] . A total of 54 genes were differentially co-expressed in human and C57BL/6J failing hearts (Fig. 5a ). Based on our PubMed literature search, five upregulated genes have been previously linked to heart failure development and may all serve a maladaptive function: connective tissue growth factor (CTGF), fibronectin 1 (FN1), lysyl oxidase (LOX), NADPH oxidase 4 (NOX4) and transforming growth factor β2 (TGFβ2). Only four genes were differentially co-expressed in human and 129S1/SvImJ failing hearts, but none of these were previously linked to heart failure development.
Identification of differentially regulated pathways related to heart failure development
Following identification of differentially regulated genes related to heart failure development, we next aimed to determine whether the transcriptional changes of the two mouse strains in response to TAC corresponded to certain molecular pathways with documented relevance to human heart failure. Due to low overall gene numbers, the 129S1/SvImJ mouse model was unable to populate the known pathways to achieve sufficient statistical significance by Bonferroni-adjusted P value. Therefore, the pathway enrichment analysis became a focused assessment of C57BL/6J mice (TAC vs. Sham) as a descriptive model for human heart failure. Accordingly, lists of statisticallysignificant putative upstream regulators for both Human and C57BL/6J were merged and ranked according to absolute Z score magnitude (Fig. 5c) . From this analysis, angiotensin was exposed as the top shared candidate regulator governing the transcriptional changes between human HF and C57BL/6J TAC mice (P < 0.05, |fold-change| > 1.5).
As shown in the gene map visualizing the signaling components of angiotensin signaling in Fig. 5d , > 75% (18/23) genes showed a common upregulation (POSTN, NPR3, COL4A1, NOX4, NPPB, TNFRSF12A, TGFB2, MMP2, FN1, BCL2, CTGF, ITGA5, NPPA, IGFBP3, JUN, SERPINE1, MAP1B, and TFRC) in human failing and C57BL/6J failing hearts, with only five genes inversely regulated (STAT3, ETS1, GNAO1, TBX20, and BCL2L1). Interestingly, four of the five genes differentially co-expressed in human and C57BL/6J failing hearts (NOX4, TGFB2, FN1, CTGF) linked to the development of HF were also identified as components of angiotensin signaling, suggesting increased myocardial angiotensin signaling as a central mediator of maladaptive remodeling in human heart failure. Furthermore, these four genes were also uniquely regulated in C57BL/6J mice versus 129S1/ SvImJ mice, suggesting increased angiotensin signaling as a major contributor to increased susceptibility for HF development in C57BL/6J mice. The second most significant upstream regulator of differential gene expression was TGFβ1 signaling. To further define the similarities between C57BL/6J failing hearts and human failing hearts, additional enrichment of genes was performed and related to known canonical pathways. Of note, well-known pathways found common to these data sets highlights a list of known contributors to the pathogenesis of human heart failure among the top 10 pathways: IGF-1, PI3K/AKT, Insulin Receptor, and Cardiac Hypertrophy signaling ( Fig. 6a ; for complete pathway list see Table S13 ). Of these, IGF-1 signaling was identified as the most robustly represented pathway among the various comparisons. Of the 21 enriched genes in human HF and the 11 enriched genes in murine HF, ten genes showed a common upregulation in murine and human failing hearts, whereas only one gene was contraregulated (Fig. 6b) . Human HF and NF microarray data were filtered according to differentially expressed mouse homologues (Fisher's exact test P < 0.05). C57BL/6J: n = 5; 129S1/SvImJ: n = 4; human: n = 5. For gene list and changes please refer to Table S11
Discussion
In humans, genetic heterogeneity and genetic factors influence the risk of developing heart failure. To further understand the importance and pathways by which alterations in gene expression may contribute to heart failure susceptibility, we took advantage of the differential susceptibility of C57BL/6J and 129S1/SvImJ mice to develop cardiac dysfunction and overt heart failure following chronic exposure to pressure overload induced by TAC and analyzed the myocardial gene expression profiles [4] . As expected, cardiac dysfunction occurred earlier and remodeling was more pronounced in C57BL/6J mice following TAC, even though the degree of aortic constriction was less compared to 129S1/SvImJ mice that underwent TAC. While our survey using different clip diameters for TAC should provide a reliable guide for researchers what microclip diameter is sufficient to induce cardiac dysfunction and failure in these two commonly used mouse strains using microclip-based minimally-invasive TAC [51] , even more important is to stress the dependency of TAC-induced heart failure phenotype on genetic strain and the potential consequences for data interpretation. Embryonic stem (ES) cell lines used for genetic engineering of mice have been developed from a number of inbred mouse strains, which for technical reasons were mainly derived from mice on a 129Sv, C57BL/6J or BALB/c genetic background [10, 14, 40] . As a consequence, many of the genetically modified mouse lines available today are maintained on these genetic strains, which are well known to differ in their physiologic phenotype and susceptibility Z-score among the statistically-significant molecules. d Top upstream regulator analysis using ingenuity pathway analysis (IPA) for human heart failure (n = 5) and C57BL/6J TAC vs. Sham (n = 5) identifies angiotensin (AGT) as a putative nodal regulator. Asterisk differential gene expression was considered significant when fold-change > 1.5 and P < 0.05 (Fisher's exact test). For detailed gene information and pathway analysis please refer to Table S12 8 Page 12 of 17 for disease development, including cardiovascular disease [4, 45, 53, 56] . Thus, our study reinforces two important issues to be considered in animal model-based research: (1) genetic background has strong effects on cardiac phenotype, reinforcing the importance of a complete backcross of ES-derived genetically manipulated mice into an inbred strain to avoid genetic drifting which may influence the outcome of experiments, (2) the extent to which the gain or loss of specific gene function affects cardiac function and/ or development of heart failure in response to TAC strongly depends on the genetic background strain. Thus, caution is warranted when drawing general conclusions from genetically engineered mice not to overestimate, underestimate, or misinterpret the effects of gene manipulation. In fact, experiments in outbred strains may resemble human genetic heterogeneity more closely and significant effects may be more likely reproducible in humans compared to data generated in inbred strains with a rather selective disease susceptibility. Based on our hierarchical clustering and heatmap analysis that allows identification of human and murine heart failure by differential gene expression patterns, we conclude that TAC-induced changes in gene expression and cardiac function in C57BL/6J mice may resemble the human heart failure phenotype more closely than 129S1/SvImJ mice. Our findings also suggest that screens of additional strains of mice and possibly outbred mice are warranted depending on the specific human pathway the investigator is trying to model.
To further understand which specific genes may drive increased heart failure susceptibility, we performed a GO term enrichment analysis and a manual PubMed literature search to predict the function of specific gene expression changes. Five genes were differentially co-expressed in C57BL/6J mice and human heart failure: NOX4, LOX, CTGF, FN1, and TGFβ2. Overexpression of each of these genes can be predicted to contribute to heart failure development. Lack of NOX4 in cardiomyocytes results in attenuated cardiac hypertrophy, less interstitial fibrosis and apoptosis, less oxidative stress and less impairment of cardiac function in response to chronic pressure overload, whereas overexpression of NOX4 exacerbates cardiac dysfunction, fibrosis, and apoptosis [34] . Pharmacological inhibition of LOX attenuates fibrosis and cardiac dysfunction in response to chronic volume overload [11] . Antagonizing antibody treatment for CTGF attenuated cardiac dysfunction, dilation and hypertrophy following TAC [61] . Loss of FN1 in mice attenuates cardiac hypertrophy and contractile dysfunction in response to chronic pressure overload, whereas FN1 induces hypertrophy in neonatal rat cardiomyocytes [32] . Knockdown of TGFβ2 receptor in cardiomyocytes attenuates TAC-induced fibrosis, hypertrophy and contractile dysfunction [31] . Interestingly, NOX4, CTGF and FN1 were also identified as uniquely regulated genes in C57BL/6J mice compared to 129S1/SvImJ mice. Thus, the above-mentioned genes are likely candidates that may promote heart failure development in humans and may contribute to increased heart failure susceptibility in C57BL/6J mice compared to 129S1/SvImJ mice.
As a result of our combined-enrichment pathway analysis in murine and human heart failure, we identified angiotensin Table S13 signaling as the most significant upstream regulator of differential gene expression. Angiotensin II is the major effector molecule of the renin-angiotensin-aldosterone system (RAAS), which is strongly activated both systemically and locally in heart failure. While increased angiotensin II signaling represents a plausible underlying mechanism of differential susceptibility for heart failure between the mouse strains, it remains to be discovered why RAAS-regulated cardiac gene expression is different between strains. One hypothesis may be related to anatomical differences between strains. Activation of the RAAS is the result of reduced renal perfusion, and ejection fraction was relatively lower and dropped earlier in C57BL/6J mice following TAC compared to 129S1/SvImJ mice. Thus, the observed changes in myocardial gene expression may simply reflect the duration and intensity of RAAS activation. In fact, several studies demonstrated differences in aortic arch geometry between C57BL/6J and 129S1/SvImJ mice, including a higher diameter of the ascending aorta in C57BL/6J mice [64, 74] . If using the same microclip size, C57BL/6J mice would then be expected to experience a stronger relative reduction of aortic diameter by TAC than 129S1/SvImJ mice. As a consequence, these mice may develop a relatively higher degree of pressure overload, which could explain the accelerated development of heart failure and stronger activation of the RAAS system compared to 129S1/SvImJ mice. While absolute values of peak pressure gradients across the constriction site in the aortic arch were higher in C57BL/6J than in 129S1/SvImJ mice (Fig. S5) , the relative increase in pressure gradients was similar between the two mouse strains following TAC (Fig. 1g) , rather suggesting similar changes in renal perfusion and activation of RAAS. Of note, when comparing to suture-mediated TAC in mice with comparable development of cardiac dilation and dysfunction (i.e. 27G suture-mediated TAC in C57BL/6J mice [4, 44] , absolute values of pressure gradients were lower in our study, potentially implying a relatively lower degree of pressure overload despite using a tighter (32G) diameter in C57BL/6J mice. This difference may however be related to differences in anatomical shape of the constricted site (clip-mediated TAC with oval area of constriction versus suture-mediated TAC with round-shaped area of constriction) which may result in different hemodynamics and different results for Doppler measurements of pressure gradients. A second hypothesis for different RAAS-regulated cardiac gene expression between strains is one of genetic variance. This could contribute to the anatomical differences between strains. Several chromosomal regions have been identified in mice that determine geometry of the aortic arch and may explain geometric differences between C57BL/6J and 129S1/SvImJ mice, supporting the concept that genetic factors also drive aortic geometry [65] . Or the genetic variance could contribute to altered signaling. Specifically, the variants affecting the levels and activity of proteins and enzymes that comprise the RAAS may contribute to heart failure susceptibility between strains. For example, ACE and AT1R gene loci may carry alleles influencing blood pressure variation in people with essential hypertension [20] . The DD polymorphism in intron 16 of the ACE gene in humans might be a risk factor for cardiac hypertrophy, myocardial infarction, and ischemic and idiopathic dilated cardiomyopathy [6, 21, 50] . Also, gene variants of renin and angiotensinogen have been linked to hypertension development in rats and humans [23, 49, 68] . Mostly likely, however, the differences are a combination of both the variance in structure and genetic plasticity similar to the heterogeneity of disease progression seen in different individuals.
The POSTN gene showed the strongest upregulation of all genes in both mouse strains, achieving a 16.7-fold increase in C57BL/6J mice. The gene product periostin is an extracellular matrix protein, the attenuation of which in cardiomyocytes reduces fibrosis and hypertrophy in response to long-term pressure overload, whereas overexpression of periostin resulted in age-dependent hypertrophy. These data strongly suggest that overexpression of periostin significantly contributes to cardiac remodeling following TAC [1, 47] . POSTN expression was also upregulated in LV samples of human failing hearts in our study (by 5.5-fold) and in other studies, and POSTN expression is negatively correlated with LV ejection fraction and positively correlated with end-diastolic diameter following myocardial infarction, suggesting that increased POSTN expression may contribute to cardiac contractile impairment in humans [8, 73] . In addition, the higher extent of POSTN expression in C57BL/6J versus 129S1/SvImJ mice could also partially contribute to the accelerated transition to HF in C57BL/6J mice. Increased expression of POSTN may be driven by increased angiotensin signaling (Fig. 5d) activating the Ras/p38 MAPK/ CREB pathway and/or ERK/TGFβ1/SMAD signaling [38] . Besides POSTN, TGM2 was co-expressed in C57BL/6J and 129S1/SvImJ mice and may contribute to cardiac dysfunction and remodeling in both strains since cardiomyocyteselective overexpression of TGM2 leads to cardiac hypertrophy, increased fibrosis and contractile dysfunction [59] . In contrast, co-expression of FSTL1 and STAT3 in the two mouse strains may exert initial protective functions in cardiac hypertrophy and failure. Overexpression of FSTL1 or treatment with FSTL1 attenuates cardiac hypertrophy and dysfunction in response to TAC and chronic aldosterone infusion, and cardiomyocyte-specific deletion of STAT3 results in fibrosis and heart failure with increasing age or in response to chronic isoproterenol infusion [22, 58, 60, 62] .
Two of the uniquely upregulated genes in 129S1/SvImJ versus C57BL/6J mice following TAC were Nr4a1 and Gtf2b. Nr4a1 encodes for an orphan nuclear receptor (also termed Nur77) which regulates the cellular stress response, metabolism, inflammation, apoptosis and cell proliferation. In the heart, Nur77 may exhibit both protective and maladaptive effects depending on the type of cardiac insult. Nur77 expression is induced by angiotensin II signaling, is increased in heart failure, and deletion of Nur77 in mice may attenuate cardiac hypertrophy, maintain fractional shortening, and prevent fibrosis and apoptosis in response to angiotensin II-induced pressure overload [26, 69] . Similarly, remodeling was attenuated in Nur77 −/− mice in response to TAC-induced pressure overload [42] . In contrast and consistent with protective effects, lack of Nur77 in hematopoietic cells aggravates the inflammatory response and impairs healing during myocardial infarction [19] . Furthermore, overexpression of Nur77 inhibited cardiac hypertrophy and prevented cardiac dysfunction induced by isoproterenol treatment, whereas deletion of Nur77 resulted in increased hypertrophy and fibrosis in response to isoproterenol treatment [42, 72] . Whether increased Nur77 expression is protective or maladaptive in 129S1/SvImJ mice following TAC remains to be elucidated.
GTF2B is a general transcription factor that is required for the recruitment of RNA polymerase II (Pol II) to promoter start sites and thus for the initiation of transcription of all promoters. Recently, it was shown that GTF2B was constitutively bound to Pol II at paused promoters regulating the expression of housekeeping genes in the heart, whereas de novo recruitment of GTF2B and Pol II was required for specialized genes that are induced during cardiac hypertrophy [54] . Inhibition of induction of the latter set of genes using locked nucleic acid (LNA)-modified antisense GTF2B oligonucleotide treatment resulted in attenuation of cardiac hypertrophy [55] . Thus, increased expression of GTF2B in 129S1/SvImJ mice following TAC may contribute to different expression profiles between the two mouse strains in response to TAC.
As a result of our GO term enrichment analysis, IGF-1 signaling was identified as the top regulated canonical pathway common between the C57BL/6J model and human heart failure. In this pathway, all of the 11 genes differentially regulated by TAC in C57BL/6J mice were also changing in human heart failure, and ten were upregulated both in C57BL/6J mice and human failing hearts. Only STAT3 was inversely regulated between groups. IGF-1 is a key regulatory protein of cellular energy metabolism with largely overlapping functions with insulin signaling, and IGF-1 is required for physiological hypertrophy in response to chronic exercise [27] . Conversely, recent studies also implicated IGF-1 deficiency in increased longevity in aged mice, potentially due to prevention of aging-associated cardiac hypertrophy, attenuated myocardial inflammation and decreased fibrosis due to inhibition of AKT signaling [46] . In heart failure, IGF-1 serves as a key prognostic neurohormonal marker, and in most studies serum levels of IGF-1 seem to be reduced [3] . Thus, the overall pattern of increased expression of IGF-1 signaling components may imply a compensatory response to reduced IGF-1 serum levels. In this sense, impaired IGF-1 signaling may contribute to cardiac hypertrophy, contractile dysfunction, increased apoptosis, decreased protein synthesis and increased protein degradation, and impaired glucose utilization, among other mechanisms [66] . Of interest, overexpression of IGF-1 in cardiomyocytes downregulates local angiotensin 2 levels in the heart and attenuates cardiac dysfunction, dilation, hypertrophy and cell death in a murine heart failure model [35, 70] . Thus, it is tempting to speculate that impaired IGF-1 signaling may contribute to exacerbation of cardiac dysfunction in response to pressure overload, possibly by disinhibition of the local RAAS in the heart. It may be speculated that increasing IGF-1 signaling may represent a promising therapeutic approach to be explored in the setting of heart failure.
One of the limitations of our study is that we used samples from humans that suffered from DCM but had no adverse effects from chronic pressure overload (no hypertension, no significant valvular stenosis), thus complicating a direct extrapolation of our findings from C57BL/6J mice to the human condition. Nevertheless, we identified several commonly regulated genes predicted to exhibit maladaptive effects, and due to the different etiology of HF in mice and humans, these genes may thus contribute to HF development even independent of HF etiology and thus represent potential therapeutic targets of higher priority and for a larger cohort of HF patients. Another limitation may be that 129S1/ SvImJ mice did not develop overt HF but only compensated hypertrophy, maybe since the time of observation following TAC was too short. Thus, we cannot exclude that the more pronounced changes in gene expression and thus the more robust association with a gene expression signature observed in and predictive for heart failure may be simply related to the severity of cardiac dysfunction and heart failure in our mouse models.
In conclusion, we provide evidence that TAC-induced heart failure in C57BL/6J mice more accurately replicates the gene expression pattern of human dilated cardiomyopathy compared to 129S1/SvImJ mice and may thus represent the model of choice for studies focusing on gene expression therapy to combat heart disease. Our unbiased as well as targeted gene expression and pathway analyses identified a number of genes which may be causally linked to the development of heart failure in human DCM and to increased HF susceptibility between mouse strains, including POSTN, NOX4, TGFβ2, FN1 and CTGF. Angiotensin signaling has been identified as a major upstream regulator that seems to coordinately increase the expression of several genes previously linked to heart failure development, including the aforementioned, emphasizing the importance of early
